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A Talk on 3d Matter Coupled to Chern-Simons Field
Spontaneous Breaking of Scale Invariance
and Fermion-Boson Mapping †
Moshe Moshe a
Technion - Israel Inst. of Technology , Haifa, Israel
Abstract
The singlet sector of vector, large N , 3d field theory corresponds to Vasiliev
higher spin theory on AdS4. Will discuss three dimensional U(N) symmetric field
theory with fermion and boson matter coupled to a topological Chern-Simons
field. In the presence of a marginal deformation will determine the conditions
for the existence of a phase with spontaneous breaking of scale invariance. In
this phase the ground state contains massive U(N) quanta and a massless U(N)
singlet bound state goldstone boson: the Dilaton. Will show that such a phase
appears only in the presence of a marginal deformation. The massless Dilaton
appears in the spectrum provided certain relations between coupling constants
are satisfied. Will discuss the fermion-boson mapping and show that the con-
ditions for spontaneous breaking of scale invariance in the boson and fermion
theories are copies of each other.
† Talk presented at the 2019 Meeting of the Division of Particles and Fields
of the American Physical Society (DPF2019), July 29 - August 2, 2019, North-
eastern University, Boston, C1907293
(a) moshe@technion.ac.il
2This is a short summary of a talk on spontaneous breaking of scale invariance
in three dimensional U(N) symmetric field theory with fermion and boson matter
coupled to a topological Chern-Simons field
1 Motivation
The interest in the phase structure of large N O(N) and U(N) symmetric
theories with matter fields in the fundamental representation is focused on the
conjectured AdS/CFT correspondence between the singlet sector of the O(N)
vector theory in d=3 space-time dimensions and Vasiliev’s higher spin gravity
theory on AdS4. The quantum completion of the gravitational side of this duality
is not known. If only tree level is considered, one has in this case an AdS/CFT
correspondence for which both sides are weakly coupled. The advantage, in this
case, is obvious as a testing ground of AdS/CFT ideas using explicit derivations.
Interacting scalars and fermions in O(N) and U(N) symmetric field theories at
large N are well understood and their phase structure is known. In the presence
of the Chern-Simons gauge field the singlet sector is singled out and the system
fits well into the AdS/CFT conjectured duality. Using large N methods and
the convenience of the light-cone gauge for the Chern-Simons action, explicit
calculations can be performed shedding light on the AdS/CFT correspondence.
The d = 3 O(N) model g(~φ)4 was deformed to include a marginal interaction
term (λ6/24π)(~φ)
6. It was conjectured that the gravity dual of these 3d theories
on the boundary is a parity broken version of Vasiliev’s higher spin theory on
AdS4 in the bulk with a parity breaking parameter θ which depends on the ’t
Hooft coupling λ = N/κ.
The theory of scalars and fermions in the fundamental representation of U(N)
coupled to Chern-Simons gauge fields are dual to the same bulk gravity theory
on AdS4. Thus it has also been conjectured that there is a duality between
the boson and fermion theories. Calculation of the thermal free energy in large
N Chern-Simons field coupled to fermions and scalars further strengthened this
duality.
It was noted however that in the case of massive fermion and scalars the
thermal free energy can be also calculated and the duality between the two
Chern-Simons matter theories of fermion and boson may still exist. In this case
high spin symmetry with the bulk Vasiliev’s AdS4 is lost since the boundary
theory is not conformal.
It was also noted that the introduction of masses through spontaneous breaking
of scale invariance is an alternative at large N. Though at finite N the breakdown
of the scale symmetry is explicit it is of O(N−1), namely the same order by
which the AdS/CFT correspondence is approximated in the above mentioned
conjecture.
It is therefore appealing to further analyse the Chern-Simons matter theory
with masses introduced through spontaneous breaking of scale invariance which
3assures the introduction of masses into the theory but leaves the boundary d=3
theory conformal to O(N−1).
2 Conditions for the Spontaneous Breaking of Scale
Invariance in Chern-Simons gauge field coupled to a U(N)
scalars and fermions
First will consider a complex scalar field φ(x) in the fundamental representa-
tion of U(N) in three Euclidean dimensions coupled to a Chern-Simons level κ
gauge field Aµ(x). To the free Chern-Simons action
SCS(A) = −
iκ
4π
ǫµνρ
∫
d3xTr
[
Aµ(x)∂νAρ(x) +
2
3
Aµ(x)Aν(x)Aρ(x)
]
, (2.1)
we add the U(N) invariant action
SScalar =
∫
d3x
[
(Dµφ(x))
† ·Dµφ(x) +NV (φ(x)
†
· φ(x)/N)
]
, (2.2)
where the complex φ(x) field is in the fundamental representation and Dµ is the
covariant derivative Dµ = ∂µ +Aµ .
The following U(N) invariant self interacting scalar potential V (φ† · φ/N) will
be considered:
NV (φ† · φ/N) = µ2φ† · φ+
1
2
λ4
N
(φ† · φ)2 +
1
6
λ6
N2
(φ† · φ)3 (2.3)
We will concentrate on the scale invariant potential with renormalized µR =
λ4R = 0 and analyze the system in its massive phase of spontaneously broken
scale invariance. The CS gauge coupling is defined here as λb = N/κ. A de-
tailed analysis shows that spontaneous breaking of scale invariance occurs when
a certain relation is maintain between the λ6 coupling of the marginal operator
(φ† · φ)3 and the gauge coupling λb
Next will discuss the Chern–Simons action coupled to fermion matter in the
large N limit.In contrast to previous work that mainly uses the light-cone gauge,
we choose the gauge A3 = 0 We add to the Chern–Simons action, quantized in
the A3 = 0 gauge, a U(N) gauge-invariant action for an N -component spinor
field ψ,
S(ψ, ψ¯,A) = SCS(A)−
∫
d3x ψ¯(x)(6D+M0)ψ(x) (2.4)
Here, the CS gauge coupling is defined as g
4pi
= N
κ
4A scalar field σ(x) is added to the action
Sσ =
∫
d3x
[
−σ(x)ψ¯(x) ·ψ(x) +
N
3gσ
σ3(x)−NRσ(x)
]
, (2.5)
where the new dimensionless parameters gσ and R are fixed when N →∞.
The extra σ(x) terms in Eq. (2.5) are analogous to the triple-trace deformation
λ6φ(x)
6 added to the Chern–Simons boson theory. The term Rσ(x) added here
in order to have a proper perturbative meaning to the σ term in the action.
From dimensional analysis, one concludes that σ has mass dimension 1 and
that no other term of dimension 3 or less and odd in σ can be added.
In the boson matter CS theory, when the renormalized parameters MR =
λ4R = 0, one finds at this scale invariant point a non-zero physical mass,Mphys 6=
0, as a solution of the gap equation if the following condition is satisfied:
λ2b +
λ6
8π2
= 4 , (2.6)
where λb is the Chern–Simons gauge coupling in the boson theory, and λ6 is the
marginal coupling of the boson λ6(φ
† · φ)3/6N2 interaction.
When the forces in this system are tuned according to Eq.(2.6), the boson
O(N) quanta pairs to create a massless O(N) singlet excitation. One finds in
scattering amplitudes, in the O(N) singlet channel, a massless pole, the goldston
boson of the spontaneous breaking of scale invariance - the Dilaton. One also
finds that the EM trace is < Tµµ >= 0. The vanishing of the EM trace is
maintained also at finite temperatures.
In the fermion matter CS system if the renormalized parameters MR = 0,
one finds at this scale invariant point a non-zero physical mass for the fermion
quanta, Mphys 6= 0, as a solution of the gap equation, if the following condition
is satisfied: (
g − gσ
2π
)(
1−
g
8π
)
= 1 . (2.7)
where g here is the Chern–Simons gauge coupling in the fermion theory, whereas
gσ is the marginal coupling in the fermionic case. Our calculation, in contrast to
others, was done in this case in the Weyl Gauge rather than in the Light Cone
gauge.
As in the boson case, when the relation in Eq.(2.7) is maintained, here the
fermion O(N) quanta pairs to create a massless scalar O(N) singlet excitation.
One finds in scattering amplitudes, in the O(N) singlet channel, a massless pole,
the goldston boson of the spontaneous breaking of scale invariance - the Dilaton.
Here too, < Tµµ >= 0.
It is now interesting to find out whether the boson and fermion conditions in
Eqs. (2.6) and (2.7) are dual copies, when the dual values of the couplings are
taken into account. Indeed, using the fermion-boson dual mapping:
5λb =
g
4π
− 1 , λ6 = 8π
2
(
1−
g
4π
)2(
3− 4
g
gσ
)
, (2.8)
one finds that the boson condition in Eq. (2.6) and the fermion condition in
Eq. (2.7) (derived here in a temporal gauge) are identical.
.
The details of this summary can be found in the following papers and references
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